Although low-power laser irradiation provides many anabolic effects such as acceleration of bone formation, the effects of different pulse frequencies used during laser irradiation on bone formation have not been elucidated. Osteoblastic cells isolated from fetal rat calvariae were irradiated once with a low-power GaAl-As laser (830 nm, 500 mW) in two different irradiation modes; continuous irradiation (CI), and 1 Hz pulsed irradiation (PI). We then investigated the effects on cellular proliferation, bone nodule formation, alkaline phosphatase (ALP) activity, and ALP gene expression. Laser irradiation in both groups significantly stimulated cellular proliferation, bone nodule formation, ALP activity, and ALP gene expression, as compared with the nonirradiation group. Notably, PI markedly stimulated these factors, when compared with the CI group. Since 1 Hz pulsed laser irradiation significantly stimulates bone formation in vitro, it is most likely that pulse frequency is an important factor affecting biological responses in bone formation. (J. Oral Sci. 43, 55 -60 , 2001) 
Introduction
Recently, various photo-biostimuratory effects of lowpower laser irradiation on regeneration have been reported in skin (1) , nerve (2) and skeletal muscle tissues (3, 4) . In particular, the acceleration of bone regeneration by laser treatment has been a focus of recent research (5) (6) (7) (8) (9) (10) . Since induction of bone regeneration is always accompanied by tooth and/or jaw movement with orthodontic treatment, tooth extraction, orthognathic surgery, bone fracture, and stimulation of bone regeneration by laser treatment may be of great potential benefit to shorten the treatment period.
Low-power laser irradiation has also been shown to modulate various biological responses which are affected by some factors involved with the mode of laser irradiation such as total energy dose, laser spectrum, power density, and irradiation phase. In order to apply laser therapy to clinical use, the properties and biological effects of laser irradiation should be precisely elucidated, and more effective irradiation modes and easier laser application methods should be developed. However biological effects of different pulse frequency are not well known. In the present study, we examined continuous wave and 1 Hz pulse irradiation of low-power laser on bone nodule formation using a rat calvarial osteoblastic cell culture system.
Materials and Methods Cell isolation and culture procedures
The calvaria were dissected aseptically from 21-dayold fetuses of timed pregnant Wistar rats. The calvaria were minced and sequentially digested in a 0.3 % collagenase mixture (Wako, Osaka, Japan). Five populations were obtained after digestion times of 10, 20, 30, 50, and 70 min. Cells retrieved from the last four steps of the five-step 
Results

Laser irradiation effect on cellular proliferation
The growth curve for fetal rat calvarial cells cultured under the preceding conditions is shown in Table 1 . Laser irradiation under both conditions significantly stimulated cellular proliferation as compared with the controls. However, Proliferation in PIwas significantly stimulated on days 6 (P < 0.05), 9 (P < 0.01), and 12 (P < 0.05), when compared with the corresponding controls, and the number of cells in PI was significantly higher (P < 0.01) on days 9 (1.20-fold), when compared with the corresponding CI.
Laser irradiation on bone nodule formation The number of bone nodules present in 3 replicate 35-mm dishes was counted and significant stimulation by laser irradiation occurred under both conditions, however, the stimulatory effects were dose dependent in each groups (one-way ANOVA, P < 0.01) (Fig. 1) . The maximal stimulation rates were 1.2-fold in CI (10 min), 1.3-fold in ALP activity as compared with the CI on day 12 (1.4-fold P < 0.01), and on day 15 (1.1-fold; P < 0.05).
Effect of laser irradiation on ALP gene expression To elucidate the mechanisms for the alteration of ALP activity by laser irradiation, ALP mRNA levels in both the control and laser irradiation groups were examined by RT-PCR analysis. As shown in Fig. 4 , the visualized PCR products corresponding to GAPDH were the same in the three samples (control, CI, PI), therefore, it seemed that the amount of PCR products reflected ALPmRNA level. The bands of the laser irradiated cells were more intense than those from the control. Furthermore, the band for ALP mRNA from the PI was more intense than CI.
Discussion
Using a rat calvarial osteoblastic cell culture system, we clearly demonstrated that low frequency (1Hz) pulsed laser irradiation (PI) significantly stimulated cellular proliferation (1.2-fold), ALP activity (1.4-fold), and bone nodule formation (number, 1.15-fold), as compared with continuous laser irradiation (CI) at the same total energy dose. Although laser irradiation in both conditions used in this study significantly stimulated bone formation in vitro, bone formation capacity was much higher in the PI than in the CI. In the CI, the number of bone nodules was increased with only the two highest doses, while in the PI, the lower dose stimulated the number of bone nodules. These results showed that the mode of irradiation used in the PI was effective for bone nodule formation.
Various biostimulatory effects of low-energy laser irradiation have been reported such as cell proliferation (18), defferentiation (13) , collagen synthesis (19) , and the release of growth factors (20, 21) from cells. These effects are affected by many factors including total energy dose, laser spectrum, power density, and irradiation phase. However, there are no knowledge concerning the effects of laser irradiation pulse frequency on bone formation.
Sanders et al. (22) reported that irradiation with shorter pulse duration in CO2 laser incisions minimized woundhealing delays more effectively than continuous irradiation. Miyamoto et al. (23) designs, it is most likely that pulse frequency influences biological responses. Since laser light is electromagnetic irradiation that provides physical stimulus, the biological effects of irradiation may be comparable with those of electromagnetic fields, which are known to modify some relevant physiological parameters of cell cultures, such as proliferation, protein synthesis, secretion of growth factors, transcription, and others (24) . These biological responses have also been shown to be influenced by the pulse frequency of the electromagnetic field. There are some studies that special pulse frequencies such as 10 or 100 Hz from an electromagnetic field increased cellular proliferation (25, 26) . In osteoblastic cells, Ochi (27) reported that a 100 Hz pulse frequency was most effective in stimulating the proliferation of mouse osteoblastic MC3T3-E1 cells, among tested frequencies between 50 and 200 Hz, and concluded that an effective electromagnetic field pulse frequency for cellular proliferation may be dependent on cell type, as cells seem to have their own peculiar sensitivity for certain pulse frequencies. In our experimental conditions, that used in the PI may be the more optimal frequency for bone formation compared with CI in rat calvarial cells. Bone nodules found arising in cultures of osteoblastic cells originated from nodule-forming immature precursors that proliferated and differentiated to mature osteoblasts over a period of 3 weeks in vitro (11, 13) . In the present study, laser irradiation at both conditions would have increased the induction of nodule forming commitment, as compared with the control, and the conditions associated with PI may have had more capacity to increase the induction of nodule forming commitment than those with CI. Since the total area of bone nodules may show bone formation capacity, PI may be better for bone formation.
ALP activity is considered to be a marker of osteoblast differentiation (28, 29) . In the present experiment, ALP activity was significantly stimulated on days 12 and 15 after laser irradiation, in CI (Fig. 3) . In PI it was dramatically stimulated on days 12, which was significant when compared with CI. Furthermore, an increase in ALP activity could involve transcriptional events of the bone type ALP gene, while dramatic increases in the activity may reflect stimulation of both differentiation and proliferation of cells, resulting in a significant increase in the number of differentiated cells that express differentiation markers, and finally form more and larger bone nodules.
In conclusion, low frequency pulsed laser irradiation, such as 1 Hz, significantly stimulated bone formation in vitro, as compared with continuous irradiation. Although the stimulatory capacity of laser irradiation is influenced by factors such as total energy dose, laser spectrum, power density, and irradiation phase, the pulse frequency of lowenergy laser irradiation must also be considered as an important factor for influencing biological response.
To definite better irradiation mode, further studies such as effects of different pulse frequencies on bone formation should be examined.
